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摘要 
结构健康监测系统已被广泛地运用于现代建筑结构中，通过长期的监测和评
估，为服役建筑的安全性和可靠性提供重要的保障。通过在结构中布置传感器获
取结构响应信息，间接反算得到结构的外部动荷载信息，已成为结构健康监测领
域的一个重要研究方向，对结构现状的评估、结构的设计有着重要的指导意义。
然而在现实中，结构的外部荷载不仅随着时间而变化，而且还具有随机特性，随
机荷载广泛的存在于结构工程实践中，比如车桥系统中的移动车辆荷载、高耸结
构中的风荷载等等，随机荷载统计特征的获取可以为结构监测和设计提供更加符
合现实的外激励信息，为进一步的研究提供重要数据内容，具有较大的应用价值。
但是在现阶段的研究中，关于随机荷载反演问题的研究依然存在着一些局限性。 
具体来说，相关学者对随机移动荷载的识别中需要已知结构参数，并且观测
所有节点的位移、速度、加速度响应的信息，或是通过对挠度进行多项样条插值
得到对应的速度和加速度响应。然而实际工程中，结构参数常常是未知的情况；
且安装传感器的花费较大，全观测响应信息难以实现，而在噪声的影响下，用
位移进行插值降阶得到的速度、加速度响应容易产生较大的偏差，因而需要提
出一种在未知结构参数下，通过部分观测响应信息对随机移动荷载统计特征进行
识别的方法。对于随机风荷载反演问题的研究主要集中在频域方面，对于时域中
的风荷载研究主要是基于荷载测点的重构问题，因而随机风荷载的反演问题仍然
具有较大的科研价值。 
基于以上研究背景，本论文主要分为两部分研究内容，分别针对车桥系统中
随机移动荷载和高耸结构中的随机风荷载统计特征的识别问题进行了相关的研
究。在相关研究的基础之上，通过级数分解的方法对随机过程或随机场进行展开，
建立随机有限元运动方程，从而将随机参数引入到运动方程中，进而采用本课题
组提出的关于未知激励下的卡尔曼滤波方法的最新研究，通过部分观测结构响应
信息，对随机荷载统计特征进行识别。最后，分别通过数值模拟验证各部分内容
算法的可行性。具体的主要工作内容如下：  
第二章中，考虑车辆移动荷载具有高斯不确定性，在已知确定性结构参数的
情况下，基于 KL 变换对具有高斯特性的随机过程样本统计特征进行提取，建立
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包含样本统计特性的运动方程，基于本课题组提出的一种未知激励下的一般的卡
尔曼滤波方法（KF-UI），通过部分观测结构响应信息，对高斯随机移动荷载的
统计特征进行识别。 
第三章中在随机移动荷载统计特征的识别中考虑了结构参数未知的情况。这
是由于在现实中，结构参数通常是未知的，比如结构的质量、刚度和阻尼等，且
其准确性对于移动荷载统计特性的识别影响较大。本章基于本课题组提出的一种
未知激励下的一般的扩展卡尔曼滤波方法（EKF-UI），使用部分观测响应样本
均值对未知的确定性结构参数进行识别后，再结合第二章提出的识别方法，对具
有高斯特性的随机移动荷载的统计特征进行识别，从而实现了结构参数和移动荷
载随机特性的识别。 
第四章中，由于材料特性、结构物理性质、结构边界条件或者构件的不确定
性，桥梁的结构参数也将具有内在随机特性。本章在车桥系统中同时考虑荷载和
结构参数的不确定性问题，采用谱随机有限元方法（SSFEM）建立包含结构参
数内部随机性和荷载随机性的随机有限元运动方程，基于本课题组提出的 KF-UI
方法，通过部分观测结构响应信息，识别得到更符合现实的结构响应和激励的
统计特征。 
第五章中，将 KL 变换提取随机过程统计特征的方法运用到随机风荷载的识
别中。在已知确定性高耸结构参数下，将节点风荷载分解为关于时间和空间相互
独立的两个函数，本论文采用的空间函数是关于模态的正交基，通过模态叠加法
将风荷载简化为少于观测的风振响应个数的荷载时程，然后基于本课题组提出未
知激励下的模态卡尔曼滤波方法（MKF-UI），通过部分观测响应识别出 KL 展
开各阶项的模态力来反演计算出随机风荷载的统计特性。 
本论文的研究内容受到国家自然科学基金面上项目“基于数据融合的系列卡
尔曼滤波新方法及结构动位移实时估计和多尺度识别结构局部损伤”（项目批准
号：51678509）的支持。 
关键词：未知激励识别；随机移动荷载；随机风荷载；KL 变换；卡尔曼滤
波方法 
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Abstract 
Structural health monitoring system has been widely used in modern architecture 
structure. Long-term monitoring and evaluation can provide important guarantee for 
the safety and reliability of the served architecture. By the arrangement of sensors in 
the structure to obtain response information, calculating external dynamic load 
indirectly has become an important research direction in the field of structural health 
monitoring, which is valuable reference data of the assessment and design of the 
structure. At present, most of the force identification research is aimed at deterministic 
problems. However, in reality, the external force not only changes with time, but also 
contains random properties, such as vehicle load of bridge-vehicle interaction system, 
wind load of high-rise structure and so on. To obtain the statistical characteristics of 
random load can provide more realistic incentive information for structural 
monitoring, design and further research, and has great value for application. But in the 
present study, the research on stochastic load inversion problem still has some 
limitations, and the related research is very limited. 
Specifically, some scholars need known structure parameters and full observation 
responses to identify statistic characteristics of random moving load. However, in 
practical engineering, structure parameters are often unknown and the observed 
response information is difficult to obtain because of high cost. And under the 
influence of noise, the interpolation for response order reduction may produce larger 
deviation. Therefore a method to identify statistical characteristics of random moving 
load with unknown structural parameters and partial response information need to be 
put forward. Random wind load inverse identification mainly concentrated in the 
frequency domain, and research in the time domain is still limited. So it still has great 
research value. 
Based on the research background above, the research contents in this thesis can 
be divided into two parts, random moving load identification of bridge-vehicle 
interaction system and stochastic wind load identification of high-rise structure 
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respectively. On the basis of related research, stochastic finite element equation of 
motion can be established to introduce random parameters by a series of 
decomposition method of stochastic process or random field. Then use our group’s 
latest research about Kalman Filter with Unknown Inputs to identify statistical 
characteristics of random force by partial responses. Finally, the numerical 
simulations validate the method of each part. Main work of this thesis is as follows:  
In the second chapter, under the condition of the known deterministic structure 
parameters and the unknown Gaussian uncertainty of moving load, the statistical 
character of Gaussian random process samples is extracted based on 
Karhunen–Loève(KL) expansion, and then establish the new equation of motion 
which contains the statistical properties. A general method of Kalman filter under 
unknown inputs(KF-UI) by partial observed response information, which is our 
group’s research output, can realize statistical character identification of random 
moving load. 
In the third chapter the unknown structural parameters has been considered. In 
reality, the structural parameters are often unknown, such as the mass, stiffness and 
damping, etc. and the accuracy has much impact on the identification of moving load 
statistical properties. This chapter put forward a general method of extended Kalman 
filter under unknown inputs(EKF-UI) to identify the unknown deterministic structural 
parameters. Then coupled with the method the second chapter propose, the statistical 
character of Gaussian random moving load can be identify. By these two steps, the 
identification of structural parameters and statistical character of the moving load can 
be .realized. 
The fourth chapter considers the stochastic properties of structural parameters 
caused by material properties, physical characteristics of structure, boundary 
conditions and also the uncertainty of components, etc. Therefore this chapter 
contains not only the stochastic moving forces but also the randomness of structural 
parameters. Based on the spectral stochastic finite element method, a stochastic finite 
element equation of motion including both the randomness of the external excitations 
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and internal structural parameters has been established. So by the identification 
method, more realistic statistical features of structural response and external force will 
be obtained. 
In the fifth chapter, the method of KL expansion to extract the statistical 
character of random process samples is extend to random wind load identification. 
Under the known deterministic high-rise structure, the nodes wind load on the 
structure is assumed about two separated functions of time and space using modal 
shape as orthogonal basis. The modal superposition method can simplify the wind 
load whose number is less than observed vibration responses. And based on modal 
Kalman filtering method under unknown inputs(MKF-UI) which is also our group’s 
research output, modal force can to identified to inverse the statistical character of 
random wind load. 
After theoretical derivation in every chapter, numerical simulation is used to 
verify the validity of the method. 
The research content of this thesis is financially supported by the National 
Natural Science Fund project "Kalman Filter Method Based on Data Fusion and 
Real-time Estimation of Structure Dynamic Displacement and Local Damage 
Detection by Multi-scale Structure" (Grant 51678509), which is gratefully 
acknowledged. 
Keywords: Unknown excitation identification; Random moving force; Random 
wind load; KL expansion;.Kalman filter method 
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